Introduction
can reach very high concentrations, we observed linear uptake characteristics over a broad 140 range of input protein concentrations in the EP slurry ( Figure S1A-B) , indicating that EP 141 allows for semi-quantitative delivery of recombinant proteins. In turn, this allows for the 142 generation of cell populations harboring defined amounts of exogenously delivered proteins 143 (Figure S1C-D) . Importantly, EP is efficient across multiple cell lines and treated cells show 144 little or no sign of damage or toxicity . 145
Previously, we generated various recombinant versions of stable sub-complexes of the 146 human kinetochore, and demonstrated that they could be used to reconstitute large parts of 147 the kinetochore and of the spindle assembly checkpoint (SAC) in vitro (1, 28, 31, 32 ). This 148 library of high-quality recombinant samples ( Figure S2 ) already extensively characterized in 149 vitro represented an excellent resource to address the general suitability of EP for in vivo 150 delivery and functional analysis. 151
We initially tested this approach on BUBR1 (BUB1-related), a multi-domain protein that 152 operates in the SAC. Recombinant BUBR1 1-571 (encompassing residues 1-571 of the 1050-153 residue BubR1 protein, which are sufficient for checkpoint function) (1) fused to a cyan 154 fluorescent protein (CFP) was introduced into HeLa cells at an EP slurry concentration of 155 10 . In mitotically arrested cells (by addition of the spindle poison nocodazole, a 156 condition that activates the SAC), CFP-BUBR1 1-571 distinctly localized to kinetochores, as 157 revealed by the typical punctuate staining and by co-localization with CREST, an established 158 kinetochore marker ( Figure 1C) . We have shown previously that BUBR1 kinetochore 159 recruitment in human cells requires dimerization with kinetochore-bound BUB1, a BUBR1 160 paralog, through segments that encompass a predicted helical domain in the two proteins 161 (33). In agreement with these previous observations, recombinant 1-571-∆Helix , a 162 deletion mutant of BUBR1 lacking the BUB1 binding helix (deletion of residues 432-484) 163 was unable to localize to kinetochores (Figure 1D-F) . Collectively, these results demonstrate 164 that, following EP, recombinant CFP-BUBR1 1-571 binds to its endogenous kinetochore 165 receptor BUB1 in target cells. The efficiency of CFP-BUBR1 1-571 delivery was high and most 166 cells displayed uniform levels of the recombinant protein ( Figure S3 ). Thus, electroporation 167 can deliver very similar amounts of recombinant protein into each cell. In the course of this 168 study, this became to be recognized as a general feature of this approach, largely 169 independently of the protein used. 170
We used the Sortase method (34) to fuse a fluorescent peptide modified with the dye tetra-171 methyl-rhodamine (TAMRA) to the C-terminus of MAD2, another SAC protein. The 172
resulting MAD2
TAMRA was delivered by EP in HeLa cells at an EP-slurry concentration of 5 173 . Like CFP-BUBR1 , MAD2
TAMRA was found to localize effectively at kinetochores of 174 nocodazole-treated cells, as shown by co-localization with CREST ( Figure 1G) . 175
Furthermore, we performed co-delivery of CFP-BUBR1 1-571 with MAD2 TAMRA , and found 176 both proteins at unattached KTs in nocodazole-arrested cells ( Figure 1H) . Thus, individual 177 or multiple fluorophore-tagged components of the human KT are faithfully targeted to their 178 respective binding sites after EP. 179
In addition to localization studies, we tested if EP can be used in combination with in-cell 180 spectroscopic applications, such as FLIM-FRET microscopy (35), to study the 181 spatiotemporal dynamics of recombinant proteins in vivo. KRAS/p21 is a small, globular 182
GTPase with important regulatory functions in many signaling pathways (36). We studied 183
KRAS signaling in live cells electroporated with GFP-tagged and Tide Fluor 3 (TF3)-184
coupled human KRAS (i.e. EGFP-TF3-KRAS, final size ~50 kDa), a conformational-change 185 FRET sensor purified from E. coli (37) ( Figure S4A ). Activation and conformational 186 switching of EGFP-TF3-KRAS occurs upon epidermal growth factor (EGF) stimulation 187 and causes the spatial separation of the fluorescence moieties and a concomitant loss of 188 intramolecular FRET signal, which ultimately results in an increase of the donor 189 fluorescence lifetime measured by FLIM-FRET live microscopy (37). Upon EP-delivery, we 190 found that EGFP-TF3-KRAS, but not EGFP, predominantly localize to the plasma 191 membrane ( Figure S4B) , with a pattern indistinguishable from endogenous, over -expressed, 192 or microinjected . Following addition of EGF, we observed the predicted 193 increase in the donor lifetime of EGFP-TF3-KRAS (Figure S4C-D) . Importantly, our based results were qualitatively and quantitatively identical to the ones that were observed in 195 EGFP-TF3-KRAS microinjection experiments (37), demonstrating the suitability of EP for 196
FRET-based assays in living cells as a valid alternative to protein delivery by microinjection. 197 depletion of the endogenous complex
200
The experiments discussed in the previous section described delivery of single polypeptides. 201
Next, we tested the suitability of EP for delivery of multi-subunit protein complexes. To this 202 end, we started with the Mis12 complex (MIS12C, where 'C' stands for 'complex'), an 203 extremely stable four-subunit kinetochore assembly of the DSN1, NSL1, MIS12, and PMF1 204 subunits with molecular mass of 120 kDa. In previous studies, we demonstrated that the 205 stability of the MIS12C requires co-expression of all four constituent subunits and reported 206 the development of various co-expression vectors for its heterologous reconstitution in 207 insect cells (39-41). Here we generated a fluorescence version of MIS12C by fusing the 208 coding sequence of cyan fluorescent protein (CFP) to that of the PMF1 subunit. We then 209 co-expressed the subunits in insect cells and purified the resulting complex (CFP-MIS12C) 210 to homogeneity ( Figure S2) . 211
We electroporated CFP-MIS12C into cycling HeLa cells and monitored CFP-MIS12C levels 212 by fluorescent microscopy. At an EP slurry concentration of 8  CFP-MIS12C was 213 clearly visible at kinetochores in the large majority of electroporated cells and with 214 remarkably similar kinetochore levels within the same cell and between different cells 215 ( Figure 2B and Figure S3C ). The ability of the electroporated CFP-MIS12C to reach 216 kinetochores after introduction in the cellular environment indicates that the complex retains 217 its integrity through the electroporation process. 218
In a more stringent test, we also asked if CFP-MIS12C retained its expected kinetochore 219 function after electroporation. MIS12C is as an assembly hub for the kinetochore, being 220 responsible for the recruitment of a subset of the microtubule-binding NDC80 complexes as 221 well as of KNL1, a signaling platform for the SAC (41, 42) ( Figure 1A) . These functions 222 make MIS12C necessary for timely chromosome congression and faithful cell division. To 223 test the functionality of the recombinant CFP-MIS12 complex, we performed a 224 complementation assay in HeLa cells depleted of endogenous MIS12 complex by the RNA 225 interference (RNAi) methods using silencing RNAs (siRNAs) against multiple subunits, as 226 previously described (43). Effective depletion of MIS12C subunits and uptake of fluorescent 227 proteins was demonstrated by Western blotting (Figure 2A) . This is noteworthy, as it 228 exposes a fundamental advantage of EP over another protein targeting technique such as9 microinjection, which is limited to a small number of target cells and therefore unsuitable to 230 biochemical analyses. In agreement with previous reports, depletion of MIS12C 231 compromised chromosome congression ( Figure 2B-C) , a consequence of reduced 232 kinetochore levels of NDC80 and KNL1 (43). As shown by live-cell microscopy, EP 233 delivery of CFP-MIS12C into depleted cells, but not of a CFP control, rescued chromosome 234 congression essentially to the levels observed in control cells, indicating that the recombinant 235 complex is functionally active (Figure 2B-C and Supplementary movies 1-4) . 236
Improperly attached kinetochores trigger the spindle assembly checkpoint (SAC), causing a 237 mitotic arrest that delays entry into anaphase (29). The checkpoint pathway exhausts its 238 function only after all chromosomes have achieved bi-orientation on the mitotic spindle. 239
Despite causing dramatic chromosome congression failures, depletion of endogenous 240 MIS12C is hardly compatible with checkpoint function because cells lacking the MIS12C 241 also fail to recruit KNL1, which is required for SAC signaling. Thus, MIS12C depleted cells 242 have a strongly weakened SAC that results in their premature anaphase and mitotic exit (43, 243 44) . To assess SAC function under our RNAi conditions, we treated cells with 0.3  of the 244 microtubule-depolymerizer nocodazole, thus creating conditions that potently activate 245 checkpoint signaling in control cells. We then measured, by live-cell video microscopy, the 246 cells' ability to sustain a prolonged mitotic arrest. In agreement with the previous studies, 247 cells depleted of MIS12C were unable to mount a strong mitotic arrest and underwent 248 mitotic exit in presence of multiple unattached or incompletely attached chromosomes, 249 indicative of a checkpoint defect. Electroporated CFP was unable to restore the SAC 250 response, while recombinant CFP-MIS12C restored mitotic duration to values similar to 251 those observed in control cells, indicating full rescue of SAC activity ( Figure 2D) . 252
Collectively, these results indicate that electroporated recombinant MIS12C targeted the KT 253 as a functionally intact complex and that EP can be used for biological complementation 254 assays in combination with knockdown or knockouts. were observed ( Figure 3C) . 278
To test weather recombinant NDC80C-GFP complexes establish their expected physical 279 interactions after EP delivery, we performed GFP-immunoprecipitation (GFP-IP) assays on 280 protein extracts generated from mitotic HeLa cells previously electroporated with NDC80C-281 GFP. Western blotting demonstrated that MIS12 and BUB1 were present in the NDC80C-282 GFP precipitates, but not in precipitates of GFP ( Figure 3D) . Thus, the electroporated 283 
314
Spindly is an adaptor protein that promotes the interaction of the minus-end-directed motor 315
Dynein with its processivity factor Dynactin (52, 53). Spindly also interacts directly with the 316 ROD-Zwilch-ZW10 (RZZ) complex, the main constituent of the so-called kinetochore 317 corona, a crescent-shaped structure that assembles on kinetochores in early prometaphase to 318 promote microtubule capture (54) ( Figure 1A) . Kinetochore localization of Spindly critically 319 depends on its ability to interact with the RZZ complex (55, 56). The latter, in turn, requires 320 the irreversible post-translational isoprenylation of Spindly with a farnesyl moiety on cysteine12 residue near the Spindly C-terminus (55-57). Farnesylation is carried out by the enzyme 322 farnesyl-transferase (FT), which, in addition to Spindly, also targets several members of a 323 family of Ras-like small GTP binding proteins, including Ras itself (58). Potent FT inhibitors 324 have been described, and previous studies demonstrated that the localization of Spindly to 325 kinetochores is prevented when FT is inhibited (55, 56) . 326
Because farnesylation of Spindly has been reconstituted in vitro with purified components 327 (57), we reasoned that we could exploit this reaction to promote kinetochore localization of 328 
synthetic or semi-synthetic macromolecules into cells is growing (60). 364
While electroporation has been long recognized for its potential as a delivery approach, 365 questions have been raised regarding the degree of its invasiveness and damage inferred on 366 cellular structures, most notably membranes (61). Here, we have assessed the suitability of 367 batch EP for delivering recombinant proteins into living mammalian cells for various 368 applications in cell biology. In comparison to previous studies that focused on cytosolic 369 proteins devoid of specific localization, our focus was on kinetochores, which are small, 370 discrete subcellular structures. This was crucial, because it enabled a detailed assessment of 371 the effective degree of functional complementation of the electroporated samples. Our 372 results identify EP as a rapid, efficient, and semi-quantitative technique that enables the 373 delivery into various cultured mammalian cell lines of proteins of variable mass and 374 hydrodynamic radius, including the highly elongated NDC80C. Importantly, we provide 375 clear evidence that the delivered proteins remain structurally and functionally intact after 376 delivery, as witnessed by their correct kinetochore localization and, where applicable, ability 377 to complement RNAi-based depletion, dominant negative effects, and immunoprecipitation 378 with endogenous interacting partners. Thus, in addition to its ease of application, EP is very 379 attractive because it allows delivery in sufficiently large cohorts of cells, and is therefore 380 compatible with cell biochemistry, as clearly shown here. centrifugation, the cell pellet was re-suspended in complete imaging medium (without 415 antibiotics) and transferred to a cell-imaging plate (Ibidi). Cells were returned to the 416 incubator and allowed to recover for a minimum of 5 hrs. After recovery, cells were either 417 analyzed by fluorescence microscopy imaging or processed to generate protein extracts to be 418 used for either immunoprecipitation analysis or western blotting. 419 EP with the Amaxa system was performed according to the reported protocol (21). EP 420 conditions described above gave satisfactory results for all the cell types and proteins tested. 421
Only a small fraction of the tested recombinant proteins proved unsuitable for EP delivery. 422
This was due to formation of major intracellular aggregates or because the protein samples 423 failed to localize correctly within the cell. We advise to initially vary EP parameters, most 424 notably pulse strength and duration, for optimal performance. Moreover, cell-specific and 425 protein-specific optimization of such parameter should be always carried out in order to 426 achieve the best trade-off between cell viability and efficient protein delivery. The following 427 are some of the important factor to consider during optimization of protein delivery: 1) In 428 our work, we invariably used protein samples of great purity and homogeneity (high 429 monodispersity and solubility). Although we did not systematically analyze the relationship 430 between protein homogeneity and efficiency of EP, we suspect that protein sample quality is 431 an important factor. 2) Centrifugation of protein sample prior to EP is strongly 432 Imidazole, 5% glycerol, 2 mM TCEP) and the eluate was diluted 6 times in volume using 457 ion exchange buffer C (50 mM HEPES pH 8, 25 mM NaCl, 5% glycerol, 2 mM TCEP, 1 458 mM EDTA) and applied to a 6 mL Resource Q anion-exchange column pre-equilibrated 459 in the same buffer. Elution of bound protein was achieved by a linear gradient (25-400 460 mM NaCl in 25 column volumes). Relevant fractions were concentrated in 10 kDa 461 molecular mass cut-off Amicon concentrators and applied to a Superose 6 16/70 column 462 equilibrated in size-exclusion chromatography buffer D (50 mM HEPES pH 8, 250 mM 463 NaCl, 5% glycerol, 2 mM TCEP). Peak fractions containing the NDC80C 9A -GFP complex 464
were collected and further concentrated in a 10 kDa cut-off Amicon concentrator before 465 being flash frozen in liquid N2 and stored at -80°C. Recombinant CFP-MIS12 complex 466 was generated by fusing N-terminal CFP to PMF1. Baculoviral transfer vectors encoding 467 CFP-Mis12C expression were generated using biGBac platform (63). Baculoviruses were 468 generated in Sf9 cells, and expression of CFP-tagged MIS12C was carried out in Tnao38 469 cells for 72h-96h, at 27C. CFP-Mis12C was purified by a three-step protocol, as described 470 previously for the non-fluorescent version (39): i) affinity purification of filtered supernatant 471 with 5 ml HisTrap FF column (GE Healthcare) and step elution with 300 mM imidazole; ii) 472 anion-exchange of the dialyzed eluate with 6 ml Resource Q column, elution with linearTCEP, 1 mM PMSF). Soluble lysates were passed over a 5-ml Ni-NTA column and, after 479 washing with 20 column volumes buffer A, the proteins were eluted by adding 300 mM 480 imidazole to buffer A. Proteins were subsequently gel-filtered on a Superdex S200 16/60 481 column equilibrated against buffer B (10 mM HEPES (pH 7.5), 150 mM NaCl, 5% 482 glycerol, 2 mM TCEP). respectively. Cells were grown at 37 °C in the presence of 5% CO 2 . All experiments requiring 496 live imaging were performed in complemented CO 2 -independent medium (GIBCO) at 497 37 °C. Cells used in this study are regularly checked for mycoplasma contamination. Cell 498 lines were not authenticated. Unless differently indicated, the microtubule-depolimerising 499 drug nocodazole was used at 3.3 M (Sigma). Endogenous farnseyltransferase inhibition was 500 achieved at 10 M of FTI-277 (Sigma). Cellular RAS activity was stimulated with 50ng/ml 501 EGF (Sigma). Were indicated, the DNA dye SiR-Hoechst-647 Dye (Spirochrome) at a 502 concentration of 0.5 µM was added to the medium 1 hour before live imaging. Depletion ofthen harvested by shake off and resuspended in lysis buffer [150 mM KCl, 75 mM Hepes, 510 pH 7.5, 1.5 mM EGTA, 1.5 mM MgCl 2 , 10 % glycerol, and 0.075 % NP-40 supplemented 511 with protease inhibitor cocktail (Serva) and PhosSTOP phosphatase inhibitors (Roche)]. A 512 total of 4 mgs of protein extract per sample was then incubated with GFP-Traps beads 513 (ChromoTek; 3 μl/mg of extract) for 3 hours at 4 °C. Immunoprecipitates were washed with 514 lysis buffer and resuspended in sample buffer, boiled and analyzed by SDS-PAGE and 515
Western blotting using 4-12 % gradient gels (NuPAGE). The following antibodies were used 516 for the western blot analysis in this study: anti-Bub1 (rabbit polyclonal; Abcam; 1:5000), anti-517 Hec1 (human Ndc80; mouse clone 9G3.23; Gene-Tex, Inc.; 1:250), anti-Mis12 (in house 518 made mouse monoclonal antibody; clone QA21; 1:1000), anti-GFP (in house made rabbit 519 polyclonal antibody; 1:1,000-4,000) anti-Vinculin (mouse monoclonal; clone hVIN-1; Sigma-520 Aldrich; 1:10000), anti PMF1/NNF1 (in house made mouse affinity purified monoclonal; 521 clone RH25-1-54, 1:1000) and anti-Tubulin (mouse monoclonal, Sigma-Aldrich; 1:10000). Inc.). Images were acquired as Z sections (using the softWoRx software from Deltavision) 587 and converted into maximal-intensity-projection TIFF files for illustrative purposes. 3) An 588
Olympus FV1000 FlouView laser scanning confocal microscope counted in a single-photon 589 counting avalanche photodiode (PDM Series, MPD; PicoQuant) and timed by using a time-590 correlated single-photon counting module (PicoHarp 300; PicoQuant) after being spectrally 591 filtered using a narrow-band emission filter (HQ 525/15; Chroma). The microscope was also 592 equipped with an Eppendorf Transjector 5246 and an Eppendorf Micromanipulator 5171. 4) 593
For SYN experiments, confocal images were taken at 40  magnifications and usingµg/ml DAPI (Serva) and coverslips mounted with Mowiol mounting medium (Calbiochem) . 601
The individual electroporation of HeLa cell with either the CFP-BUBR1 1-571 constructs or 602
MAD2
TAMRA was performed using an EP concentration of respectively 10 µM and 5 µM. 603
After electroporation cells were allowed to recover overnight and then treated with 604 nocodazole for imaging on the Mariana system. To determine CFP kinetochore levels for 605 at a concentration of 6-10 mg/mL and then left recover for 6 hours before live-cell imaging 644 by FLIM-FRET microscopy. Microinjections and FLIM-FRET imaging were performed on 645
an Olympus FV1000 as previously described (37). FLIM-FRET analysis of EGFP-KRAS 646 D30C-TF3 lifetime was performed on 12 electroporated cells. 647
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The kinetochore proteins CENP-E and CENP-F directly and specifically interact with distinct BUB 
